Affinity maturation is often applied to improve the properties of antibodies isolated from universal antibody libraries in vitro. A synthetic human scFv antibody library was constructed in single immunoglobulin framework to enable rapid affinity maturation by updated Kunkel's mutagenesis. The initial diversity was generated predominantly in the V H domain combined with only 36 V L domain variants yielding 3 3 10 10 unique members in the phage-displayed library. After three rounds of panning the enriched V H genes from the primary library selections against lysozyme were incorporated into a ready-made circular single-stranded affinity maturation library containing 7 3 10 8 V L gene variants. Several unique antibodies with 0.8-10 nM (K d , dissociation constant) affinities against lysozyme were found after panning from the affinity maturation library, contrasted by only one anti-lysozyme scFv clone with K d <20 nM among the clones panned from the primary universal library. The presented single-framework strategy provides a way to convey significant amount of functional V H domain diversity to affinity maturation without bimolecular ligation leading to a diverse set of antibodies with binding affinities in the low nanomolar range.
Introduction
Antibodies are one of the most important tools in life sciences, diagnostic assays and are also increasingly used as therapeutic agents. Traditionally, antibodies have been generated through animal immunization, but today recombinant antibody libraries have become an inviting alternative. Phage-displayed universal antibody libraries can provide antibodies also for toxic, anti-self, hapten and other nonimmunogenic antigens that have been difficult targets for the traditional immunization-based methods (Griffiths et al., 1993 (Griffiths et al., , 1994 Vaughan et al., 1996; Cardoso et al., 2000) . The first phage antibody libraries were made by amplification of rearranged variable domain sequences from peripheral blood lymphocytes of non-immunized donors (Marks et al., 1991) . The naïve libraries have been further expanded by collecting genes from several donors (Vaughan et al., 1996; Rojas et al., 2005) and by combining naïve and synthetic diversity in various ways (Griffiths et al., 1994; Hoet et al., 2005) . Also entirely synthetic antibody libraries have been constructed (Knappik et al., 2000; Lee et al., 2004; Sidhu et al., 2004; Fellouse et al., 2007; Rothe et al., 2008) . The largest recombinant antibody libraries of over 10 10 unique members have directly yielded relatively high-affinity antibodies (K d , 10 nM) against a number of antigens (Griffiths et al., 1994; Vaughan et al., 1996; de Haard et al., 1999; Fellouse et al., 2007) , but in general, the isolated antibodies need affinity maturation to meet the desired properties (Gram et al., 1992; Marks et al., 1992; Yang et al., 1995; Osbourn et al., 1996; Nagy et al., 2002; Zahnd et al., 2004; Steidl et al., 2008) .
As the number of unique library members in phage display is limited by the bacterial transformation and practical cell culture facilities, the size of the actual-displayed library is far less than the genetic diversity provided by the recombination of antibody germline variable (V), diversity (D) and joining (J) gene segments. Consequently, library design is essential for the functionality of a library. In synthetic libraries the type and quality of the diversification can be controlled better than in naïve approaches. Limiting the number of framework genes by using consensus sequences of V gene families allows introduction of more diversity to the binding site (Knappik et al., 2000; Rothe et al., 2008) . In this sense, antibody libraries based on single-framework design (Söderlind et al., 2000; Azriel-Rosenfeld et al., 2004; Lee et al., 2004; Sidhu et al., 2004) provide the highest level of freedom to concentrate diversification on those complementarity-determining regions (CDR) and residues, which are the most variable and form most frequent contacts with the antigen. In addition, there are more possibilities to manipulate single-framework genes compared with mixedframework populations from naïve sources.
Although error-prone polymerase chain reaction (PCR) is a commonly used method for affinity maturation (Gram et al., 1992; Zahnd et al., 2004) , the advantage of site-directed mutagenesis is that it can be focused on the key residues and it does not cause gene function disrupting mutations in the framework. Several strategies for site-directed affinity maturation have been reported for synthetic libraries. In one of the recently applied techniques, a CDR region or light-chain variable domain (V L ) was replaced with a diversified cassette via built-in restriction enzyme sites in the target DNA (Steidl et al., 2008; Shi et al., 2010) . This strategy is more cumbersome and time consuming than hybridization-based mutagenesis strategies, as it requires gel extractions, bimolecular ligations and pre-built features in the template DNA. In contrast, with hybridization mutagenesis technique sitedirected mutations can be incorporated without any pre-built features in the vector sequence (although they are helpful in the template background removal) with satisfying efficiency in a single day (Kunkel, 1985; Sidhu et al., 2000) .
In our library approach we selected a single framework as the starting point to be able to include as much high-quality CDR-H3 loop diversity as possible to the library. The primary library was designed to contain almost exclusively variation in the heavy-chain variable (V H ) domain and after three rounds of panning, the enriched V H genes were recombined with a readymade library of diversified V L sequences using hybridization mutagenesis similar to Kunkel's mutagenesis (Kunkel, 1985) . By this means, a diverse set of high-affinity binders were obtained proving that the single-framework library combined with the described affinity maturation method can span a significant portion of the functional sequence space with less effort, but comparable performance to the multi-framework libraries as the source of recombinant antibodies. Recombinant pregnancy-associated plasma protein A (PAPP-A; Sivanandam et al., 2004) provided by Dr Xuezhong Qin from J.L. Pettis Memorial Veterans' Medical Center (Loma Linda, CA, USA), thyroid-stimulating hormone (TSH; Scripps Laboratories, San Diego, CA, USA), monoclonal anti-TSH antibody 5404 (Medix Biochemica, Kauniainen, Finland), monoclonal anti-alkaline phosphatase antibody BAP-77 (Sigma, St. Louis, MO, USA), lysozyme (Sigma), chymotrypsinogen A (Sigma) and cyclodextrin glucanotransferase (CGTase, produced in-house) were biotinylated with 2-40Â molar excess of biotin isothiocyanate (BITC) in 50 mM carbonate buffer pH 9.8 for 4 h at room temperature. Unreacted BITC was removed with subsequent purifications in NAP-5 and PD-10 columns (GE Healthcare, Buckinghamshire, UK). Anti-phage monoclonal antibody (Mab; University of Turku, Department of Biotechnology, Finland), rabbit polyclonal anti-fd antibody (Sigma) and lysozyme were labeled in amino groups with
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-tetraacetic acid chelated with Eu 3þ PerkinElmer Finland, Finland) . LA-GTC plates contained Luria Broth agarose, 0.5% (w/v) glucose, 10 mg/ml tetracycline and 25 mg/ml chloramphenicol. Liquid cultures for the production of phage and singlechain fragment of antibody variable domains (scFv) were in SB media added with 0 -1% (w/v) glucose, 10 mg/ml tetracycline and 25 mg/ml chloramphenicol. PEG/NaCl was composed of 4% (w/v) polyethylene glycol 8000, 3% (w/v) NaCl. TBT-0.05 and TBT-0.1 buffers used in phage selections contained 50 mM TrisCl, pH 7.5, 150 mM NaCl and Tween 20 (0.05 and 0.1%, respectively). Assay buffer, wash buffer and enhancement solution used in immunoassays were Delfia products from PerkinElmer Finland.
Library vector, antibody framework gene and primers
Phagemid vector pEB91 was constructed by replacing the gene for truncated p3 in vector pAK100 (Krebber et al., 1997) with p9 amplified from the helper phage VCS M13 (Stratagene ). Myc tag, amber stop codon TAG and Gly 2 SerGly 2 linker preceding the p9 gene were introduced by PCR primers. Restriction sites MscI, Acc65I and BspEI that were designed to be in the template gene for the scFv library were eliminated from the vector by Kunkel mutagenesis. The origin of phage replication was reversed by PCR to allow diversification of the scFv in Kunkel mutagenesis with sense primers.
The framework scFv gene (Supplementary Figure S1 ) was ordered from Entelechon (Regensburg, Germany) and cloned at SfiI sites in vector pEB91. The framework gene was composed of a single human V L kappa with Jk1 segment and a single V H [IGHV3-23] chain sequence followed by a dummy CDR-H3 and J H 4 segment. The V L and V H chains were connected through a 20 amino acid long glysine -serine linker. To establish elimination of unmutated sequences by restriction digestion in the course of diversification and construction of the library, unique restriction sites were introduced to each CDR-loop in the template gene. The restriction sites were: BglII (CDR-L1), SphI (CDR-L2), NsiI (CDR-L3), AatII (CDR-H1), SwaI (CDR-H2) and NheI (CDR-H3).
Primers used for the diversification of the synthetic mbLib and library for affinity maturation (amLib) libraries are listed in Supplementary Tables S1 and S2, respectively. Randomizing oligos that were synthesized using trinucleotide phosphoramidites as building blocks were prepared at University of Kuopio, Department of Pharmaceutical Chemistry, Finland in a procedure similar to reported earlier (Yagodkin et al., 2007) .
0 and H3-SOErev2 5 0 -AC GAGCACAGTAGTAGACGGCAG-3 0 used for the assembly of the libraries and primers EB106 5 0 -CAGCCTCCG GATTTACGTTCTC-3 0 and EB105 5 0 -GCCGAGCTCACGG TGACTAGTGTAC-3 0 used for V L shuffling were from Sigma.
Construction of the primary binding library mbLib
To construct the primary antibody library (mbLib) CDR-L1, CDR-L3, CDR-H1 and CDR-H2 regions were diversified sequentially by Kunkel mutagenesis (see Supplementary  Table S1 for the primers). Unmutated clones were eliminated after each diversification step by digesting the plasmid form of the transformed library at a unique restriction site within each CDR-loop (CDR-L1: BglII; CDR-L3: NsiI; CDR-H1: AatII, CDR-H2: SwaI). Finally, CDR-H3 was diversified by splicing by overlap extension (SOE)-PCR with Pfu DNA polymerase (Fermentas). For this, the C-terminal part of the scFv was amplified using CDR-H3 diversifying primers producing twelve different loop lengths (Supplementary  Table S1 ) together with primer pAKrev. The rest, the N-terminal part, of the scFv was amplified in a separate PCR using primers WO375 and a reverse primer (H3-SOErev or H3-SOErev2) overlapping with the C-terminal PCR fragment. The two fragments were combined by SOE-PCR to full-length scFv gene and the sequences containing unmutated at CDR-H3 were cleaved by NheI. The uncleaved library DNA was purified from agarose gel, ligated at SfiI sites with 12 mg of vector pEB91 and transformed as 60 aliquots in freshly made competent MC1061 F 0 cells, which provide high transformation efficiency.
All transformed cells were grown o/n on LA-GTC plates. Cultures for phage production (total volume 1.5 l) were started from cells scratched from the plates. The cultures were infected with VCS M13 helper phage. After helper phage infection medium was changed to glucose-free and 100 mM isopropyl-b-D-thio-galactoside (IPTG) was added to induce the expression of scFv on the surface of phage. Kanamycin was added to 50 mg/ml to rescue the helper phage. After o/n culturing at 268C, 250 rpm, phage were isolated from the culture supernatants by two precipitations with PEG/NaCl.
Construction of the light-chain amLib library
A separate light-chain library, amLib, where CDR-L1, -L2 and -L3 regions are diversified was constructed to establish affinity maturation of binders isolated from the primary mbLib library. CDR-L2 and CDR-L3 regions were diversified sequentially using two primers (sense and antisense, Supplementary Table S2) that amplify the entire plasmid and produce overhangs with a restriction site for BspQI. BspQI cuts outside the recognition site so that the site and the overhangs could be eliminated and product self-ligated to circular plasmid at a single unmutated three-base codon within the diversified CDR loop. Finally, CDR-L1 was diversified by Kunkel mutagenesis (Primer in Supplementary Table S2 ). The product DNA was treated with uracil-DNA glycosylase (UDG; New England Biolabs) and dam-methylase (New England Biolabs) and transformed in MC1061 F 0 cells. All residual unmutated background at CDR-L1 was eliminated from the transformed library by BglII digestion.
Method of affinity maturation
Plasmid DNA of the entire enriched library pool from selection described below was isolated. V H region was amplified by Pfu DNA polymerase first in a conventional PCR with two primers (EB106 and EB105). The product DNA was purified with a QIAquick PCR purification kit (QIAGEN, Hilden, Germany) and subsequently amplified for 30 cycles in asymmetric PCR using only a single primer (EB106). The produced single-stranded V H was purified with QIAquick PCR purification kit and phosphorylated at the 5 0 end by T4 polynucleotide kinase (New England Biolabs). Finally, DNA was purified from the reaction using a PCR purification kit.
The amLib library was transformed into E.coli CJ236 cells, phage was produced in the presence of 0.25 mg/ml uridin and single-stranded uridylated DNA (dUssDNA) plasmid was isolated from phage as described (Sidhu et al., 2000) . The phosphorylated single-stranded V H gene was hybridized to 1 mg of the dUssDNA of the amLib light-chain library by using a 4:1 molar primer-to-template ratio after which the second strand was synthesized as in Kunkel mutagenesis (Sidhu et al., 2000) . The reaction product was purified by ethanol precipitation with the help of pellet paint co-precipitant (Novagen, Madison, WI, USA) and treated with UDG and dam methyltransferase. Finally, the reactions were purified by ethanol precipitation and electroporated to MC1061 F 0 cells.
Phage display selections
Specific binders were isolated from the primary mbLib library by phage display, using Dynal M280 paramagnetic streptavidin beads (6-7 Â 10 8 beads/ml, Invitrogen Dynal, Oslo, Norway) saturated with the biotinylated antigen. For the first enrichment cycle, 5 Â 10 12 transforming units (tfu) phage was incubated o/n at room temperature with 50 ml of the antigen-coated beads in 2 ml of TBT-0.05 buffer. After four washes with 1 ml of TBT-0.1, bound phage was eluted with 100 mM HCl and neutralized with 2 M Tris pH 7.5. XL1-Blue cells were infected with the eluted phage or by the remaining beads and plated. After o/n cultivation at 378C, cells scratched from the LA plates were inoculated in 20 ml of culture media. Phage was produced as described earlier using VCS M13 helper phage (Brockmann et al., 2005) . For the 2nd and 3rd enrichment cycles phage was first incubated in streptavidin wells to remove streptavidin-binding clones. After the subtractive step, 1 Â 10 11 tfu of the phage was mixed with 5 ml of the antigen-coated beads in a 1 ml reaction and incubated for 2 h at room temperature.
In order to enrich binders with improved affinity from the secondary, light-chain-shuffled library, both solid-phase panning and solution panning was used. In the solution panning, phage was first incubated for 30 min with the antigen in solution, after which the antigen-bound phage was collected to streptavidin-coated M280 beads. In the solidphase panning phage was bound to beads saturated with the biotinylated antigen (as described above for the mbLib library). The first panning round aimed at collecting as many clones as possible and was carried out on solid phase using 10 ml of beads saturated with maximally 1 mg of biotinylated lysozyme. For the subsequent panning rounds selection stringency was increased by using less antigen or by including an off-rate step with the aim of favoring the highest-affinity binders. In solution panning the amount of antigen was reduced to 50 ng/ml and further down to 5 ng/ml, whereas in solid-phase panning 0.5 -2 ml of lysozyme-coated beads per an 1 ml reaction was used on the later rounds. For the off-rate selection, beads were washed 3 -4 times with TBT-0.1 after phage binding. Then the buffer (TBT-0.05) or excess of free lysozyme (20 mg/ml) was added and incubated for 1 h at room temperature, after which the beads were washed two more times and bound phage were eluted with acid.
Screening for the activity of phage antibody clones
To screen for binding activity, individual phage antibody clones were inoculated on to a 96-well culture plate (Corning Life Sciences, Pittston, PA, USA) covered with a breathable sealing tape (Nunc, Roskilde, Danmark). After 4 -6 h growth at 378C, 700 rpm, the cells were infected with VCS M13 helper phage and induced with 100 mM IPTG. Phage was produced o/n at 268C, 700 rpm. Phage samples were analyzed for binding activity by time-resolved fluorescence immunoassay. In the assay, biotinylated antigen was first bound to streptavidin microtiration wells (Kaivogen Oy, Turku, Finland). Then phage samples were incubated for 1 h and after washing the plate Eu-N1-labelled anti-phage Mab was bound. Time-resolved fluorescence signal of Eu was measured with Victor multilabel counter (PerkinElmer Finland) after 10 min development with Delfia enhancement solution. A clone was considered to be positive if the signal-to-background ratio (S/B) was .5 and specific signal was .10 000 fluorescence counts (cts). Cross-reactivity was tested based on phage binding to different biotinylated antigens, which were immobilized onto streptavidin wells.
Screening for soluble affinity
In order to screen for affinity in soluble format, the enriched library was cloned in vector pAK600 (Krebber et al., 1997) , which expresses scFv as a fusion to bacterial alkaline phosphatase. Individual clones were cultured and induced with 100 mM IPTG. After o/n expression at 268C, culture supernatants were analyzed in a time-resolved immunofluorescent assay. ScFv in the sample was captured from the alkaline phosphatase fusion part to streptavidin microtiter plate using biotinylated anti-alkaline phosphatase Mab BAB-77 (Sigma, USA). After washing the plate Eu-N1-labelled lysozyme was bound and detected by the measurement of the time-resolved fluorescence signal from Eu. The Eu signal was normalized with the amount of bound scFv measured in a parallel well by the alkaline phosphatase activity (A 405 ) using 25 mM pnitrophenyl phosphate (New England Biolabs) as a substrate. The normalized Eu signal should correlate with affinity (Gonzalez-Techera et al., 2008) . Affinity was measured by Scatchard analysis using a series of Eu-lysozyme concentrations, from low to saturating. The concentrations of bound and free lysozyme were calculated from the measured signals and plotted onto Bound/Free versus Bound curve, where affinity (dissociation constant, K d ) is the 21/slope.
Measuring folding and display
To study the folding, scFv was expressed from vector pAK600 as a fusion to bacterial alkaline phosphatase. Cells from a 5 ml o/n culture (268C, 300 rpm, induction with 100 mM IPTG) were disrupted by sonication. Aliquotes were bound for 1 h to a streptavidin microtitration plate coated with biotinylated protein L (Thermo Scientific, Rockford, IL, USA). After four washes, p-nitrophenyl phosphate was added to measure the alkaline phosphatase activity and hence the amount of bound scFv. The color formed was measured at A 405 with Victor multilabel counter.
For analysis of the phage display efficiency, individual clones isolated from the library were cloned from the vector pEB91 to vectors pAK100, pAK200 (Krebber et al., 1997) and pAKp3fl (Korpimäki et al., 2004) and phage stocks were produced. Phage titers were determined by immunoassay as described earlier (Huovinen et al., 2010) . To measure the display efficiency, diluted phage samples were bound for 1 h to a streptavidin microtitration plate coated with biotinylated protein L. The plate was then washed four times and Eu-N1-labeled rabbit polyclonal anti-fd antibody (Sigma) was added. After 1 h incubation, the plate was washed four times, Delfia enhancement solution was added and bound phage were detected by meauring time-resolved fluorescence with Victor multilabel counter. Relative display efficiency was calculated by comparing the signal per phage with multivalent phage produced from vector pAKp3fl by hyperphage (Progen Biotechnik, Heidelberg, Germany) infection.
Results
Framework of the library
The single-framework antibody library was constructed on human Vk3 [IGKV3-20/A27] and V H 3 [IGHV3-23/DP-47] sequences as they are common subtypes in nature and also often enriched from phagedisplayed naïve/synthetic antibody libraries (Griffiths et al., 1994; Vaughan et al., 1996; Sheets et al., 1998; Knappik et al., 2000; Schofield et al., 2007) . They are known to be stable and well expressed in E. coli (Ewert et al., 2003) and have previously been used in several other antibody libraries (Söderlind et al., 2000; Azriel-Rosenfeld et al., 2004; Lee et al., 2004; Shi et al., 2010) . The synthetic framework gene was optimized in terms of codon usage, primer binding and restriction sites. Unique restriction sites were introduced to the framework region by silent mutations to facilitate further engineering, for example, by recombination of mutations in individual clones (Huovinen et al., 2010) . A unique restriction site was also introduced within each CDR region, to allow elimination of non-mutated genes by simple restriction enzyme digestion.
Display format
The library was constructed in phagemid vector that uses p9 coat protein to display the scFv antibody fragment on the surface of a filamentous phage M13. Protein p9 was chosen as it truly provides monovalent display for more stringent selection and, surprisingly, display of the same scFv diversity through p3 in multivalent format lead to deterioration of the diversity by enrichment of frameshifts (data not shown).
The display efficiency from the p9-based vector pEB91 was measured to be ,0.01 -0.06%, as studied with four different clones isolated from the library. The display efficiency was measured by binding phage to protein L, a protein that binds the light chain in the scFv framework, and comparing the signal/phage with multivalent p3 phage. As multivialent phage may bind to protein L more strongly, by avidity, than monovalent phage, the value is not an exact measure of the display efficiency, but indicates the relative difference in display between different vectors. In phagemid vectors pAK100 and pAK200 (Krebber et al., 1997) which use truncated p3 for display, the relative display efficiency was 0.02 -1.0 and 1.2 -10%, respectively. The vector pAK100 contains an amber stop between the scFv and phage coat protein gene, like pEB91, and has been described to produce monovalent display (Krebber et al., 1997) . Hence, the lower display from the vector pEB91, as compared with pAK100, suggests that the p9 display is truly monovalent.
Design of the library
In the library design the first guiding principle was on retaining the number of functional antibodies as high as possible in the primary displayed library. Therefore, the natural binding site diversity of antibodies was mimicked closely. Another leading principle was to cover the natural diversity, but as this cannot be achieved due to practical limitations set by bacterial transformation and cell culture facilities, only a single framework was used and the diversity was split in two parts: the primary library focusing on the V H and the affinity maturation library on the V L . The two-stage randomization strategy enables scanning of remarkably larger sequence space than provided by any single pot library.
The primary binding library (mbLib) was constructed with diversification targeted mostly to the heavy-chain CDRs, especially to CDR-H3 (Table I) , which is the most diverse CDR loop in antibodies and generally forms most of the contacts with the antigen. The light chain was only minimally diversified with a total of 36 variants. Still, the modest diversity in the light chain was seen as significant as it was thought to provide more alternatives for heavy chain to form functionally folded V L -V H pair compared with the possible risks associated with a single dummy V L strategy. The affinity maturation library (amLib) was designed to find the best V L match to the V H domains isolated from the mbLib library. Hence, in amLib only the light-chain CDRs were diversified (Table I) accompanied by a non-functional V H gene with a unique restriction site in the CDR-H3 loop for template removal.
Diversity of the CDR loops
The diversity of the CDR-H3 loop in mbLib was designed according to Zemlin et al. (2003) to mimic amino acid composition in natural antibodies. The CDR-H3 loop lengths in the library varied from 7 to 18 residues, which cover majority of the loop lengths found in natural antibodies. The randomized parts of the oligonucleotides were synthesized with trinucleotide building blocks, which allow elimination of stop codons and better control over the desired diversity than conventional oligos (Virnekas et al., 1994; Yagodkin et al., 2007) . A codon mixture consisting of 15% Tyr and Gly; 10% Ser; 7% Arg and Asp; 6% Thr; 5% Ala, Leu, Val and Pro; 4% Asn and Trp; and 2% Phe, His, Gln, Glu, Ile and Lys was used to randomize 3 -9 residues in the middle of the CDR-H3 loops depending on the loop length. The residues at the ends of the CDR-H3 loop, i.e. close to the highly conserved N-terminal Cys-Ala-(Arg) and C-terminal Trp-Gly, were diversified less intensively with a bias toward the most frequent amino acids in these positions in nature (see the supplementary Table S2 for details). Cys and Met were omitted from the codon mixtures. In the longest CDR-H3 loops some of the end residues were fixed to limit the number of variants. Despite the reduction, the designed CDR-H3 loop diversity (1.34 Â 10 14 ) exceeded the achievable library size. In other CDR loops randomization was limited to the residues that most often make contacts with an antigen (MacCallum et al., 1996) . At the chosen positions the pools of amino acids were restricted to the most dominant residues according to the collected antibody sequences (Collis et al., 2003; Lee et al., 2004) and 'AAAAA, AHo's Amazing Atlas of Antibody Anatomy' (Honegger and Pluckthun, 2001) at http://www.bioc.uzh.ch/antibody. CDR-H3 loop was diversified last as 12 separate sublibraries to ensure equal representation of each loop length in the library and to avoid loss of diversity.
Characterization and validation of the libraries
The size of the transformed library was 3.1 Â 10 10 , which covers only 1/10 11 of the designed theoretical diversity of mbLib (1.16 Â 10 22 ). Consequently, each library transformant was considered to be genetically unique. The 60/60 probed clones had a correct-sized scFv gene as analyzed by restriction enzyme digestion and all of the sequenced clones contained mutations in the CDR loops in good accordance with the diversification strategy. However, in 55% of the clones there was a frameshift mutation caused by a single base deletion, which reduced the functional size of the mbLib library to 1.4 Â 10 10 members. The frameshift mutations apparently originated from errors in oligonucleotide synthesis, because they located close to the randomized trinucleotides, in the primer hybridization areas. The size of the transformed amLib was 6.6 Â 10 8 , which nearly encompasses the designed diversity (1.8 Â 10 9 ). Antibodies were selected against seven varied biotinylated protein antigens bound on paramagnetic streptavidin beads. After 2 -3 rounds of panning with the mbLib library 50-100% of the screened clones were reactive (S/B . 5) toward the panning antigen (Table II) . Several unique binders were identified for each antigen by sequencing single clones from five out of the seven enriched libraries. More than half of the sequenced reactive clones were different for lysozyme, TSH and immunoglobulin (Ig) G, whereas 4/9 and 2/11 unique clones were obtained for streptavidin and PAPP-A, respectively (Table II) . The CDR-H3 loop lengths of the isolated binders were distributed between 8 and 18 residues, with most (.85%) of the loop lengths being between 13 and 18 residues. 
Antibody library with rapid affinity maturation
We decided to study the lysozyme panning in more detail as the antigen was available in ample amounts and the panning yielded the most diverse set of binders. Characteristics of the anti-lysozyme phage pool enriched by three rounds of phage display selection are shown in Fig. 1 . In all, 28/45 of the screened clones bound lysozyme, of which 24/28 were unique by sequence, and 2/45 were streptavidin binders. Cross-reactivity of 20 lysozyme-binding clones was tested with the other study antigens: TSH, IgG, PAPP-A and streptavidin. The selected antibodies did not cross-react with any of the four other targets in phage immunoassay.
The dissociation constants were measured by Scatchard plot analysis for six unique lysozyme-binding clones obtained from the primary library panning, representing altogether nine clones from the phage screening (Fig. 1) . These include the clones with the highest signal in phage screening, the clones that were most prevalent after the panning and an additional clone having a V H that was later found in several affinity-matured clones. The most active clones had K d in the range of 14-45 nM and another clone had 280 nM K d (Table III) . These are fairly typical affinities for de novo generated antibodies by panning solid-phase-bound antigens (Yang et al., 1995; Pini et al., 1998; Lee et al., 2004) . For two clones the affinity was too low to be measured accurately by the method and interestingly, one of the tested clones did not bind the labeled lysozyme at all. Instead, it was found to recognize a biotinylated epitope on lysozyme, as binding to biotinylated lysozyme was blocked with free biotin, but not with intact soluble lysozyme. Naturally, this is an expected outcome as biotinylation at amino groups with BITC can lead to the presence of multiple biotin tags in the antigen and the biotinylated sites that are not bound to streptavidin function as possible binding epitopes.
Integrated affinity maturation by pooled V L shuffling
In order to isolate higher affinity binders, the V H genes of the entire pool of lysozyme binders from the third round of phage display selection was recombined with the V L library, amLib, and subjected to further rounds of selection in more stringent conditions.
The developed affinity maturation method (Fig. 2) is based on V L shuffling, in which V H sequences are first rescued by asymmetric PCR and then hybridized to another homologous V H region on a single-stranded uridylated DNA (dUssDNA) plasmid containing diversity at the V L (the amLib library). The hybridized V H single-strand primes the synthesis of the second DNA strand by T7 DNA polymerase. T4 DNA ligase, which is present in the same reaction, catalyzes joining of the nascently synthesized 3 0 -end to the 5 0 -end of the hybridized V H gene. The result is a covalently closed circular DNA, which can be efficiently transformed in bacterial cells. When the double-stranded product obtained from the in vitro reaction is transformed in E.coli, the newly synthesized strand is favored and the uridylated strand is eliminated (Kunkel, 1985) , producing a library where specific V H s are combined with new, diverse V L s. This hybridization mutagenesis method, which is based on the use of uridylated DNA template, was introduced by Kunkel in the mid-80's (Kunkel, 1985; Bebenek and Kunkel, 1989) and has been extensively used since its invention in various applications Shi et al., 2010) . To our experience, the efficiency of Kunkel mutagenesis varies and uridylation is not sufficient to eliminate all unmutated template strands. In the literature some studies report mutagenesis efficiencies of 50-70% (Kunkel, 1985; Bebenek and Kunkel, 1989) , but there are also reports of total failure (Wassman et al., 2004) . To improve the mutant yield, we implemented enzymatic treatments to the procedure to favor the nascently synthesized strand. First, the reaction product was treated with UDG, which releases uracil from the template DNA strand leaving an apyrimidic site (Kunkel, 1985; Kunkel et al., 1987) and secondly, the product was methylated with dam methylase to avoid the nascent strand to be recognized as foreign by the bacterial mismatch repair system (Horton and Lord, 1986) . In a test transformation these procedures reduced the proportion of unmutated clones from 78% (classic Kunkel) to 67% with UDG treatment and finally to 33% with a combination of UDG and dam methylase treatments.
Reducing the background by the enzymatic treatments inherently doubled the number of successfully mutated library members in the transformed amLib. The rest ( 30%) of the parental clones were eliminated by cleavage at a built-in restriction enzyme site within the template CDR-H3. However, this step is not necessary as the display of the Fig. 1 . Characteristics of the enriched lysozyme-binding phage pool. Individual clones were isolated from the mbLib library after three rounds of phage display selection for lysozyme. Phage was produced separately for each clone and screened for binding activity to lysozyme and streptavidin. Streptavidin was used as the carrier surface to bind the biotinylated lysozyme. Activity was measured against biotinylated antigen on a streptavidin microtiter plate. Background was the binding to streptavidin.
a Specific signal in phage immunoassay .10 000, signal/background .5.
E.-C. Brockmann et al. parental amLib clones is anyway prevented by stop codons present within the CDR-H3, but the pre-clearance on DNA level increases the portion of clones carrying the incorporated V H gene close to 100% in the library.
Affinity-matured lysozyme-binders
Recombination of the lysozyme-binding V H pool with the V L from amLib resulted in a library with 5.2 Â 10 8 transformants. Based on sequencing, the mutagenesis was successful and in all the 12 sequenced clones new combinations of the heavy and light chains had been formed. Comparison of the library phage stocks by immunoassay revealed that the recombined library bound lysozyme was weaker (S/B ¼ 1.7) than the preceding enriched mbLib library (S/B ¼ 7.0). Phage immunoassay analysis of 20 V L -shuffled single clones supported also the finding. Despite most of the recombined variants having lost the lysozyme-binding activity or recognized lysozyme only weakly (S/B ¼ 0.9-1.9), considering the large size (.10 8 ) of the affinity maturation library there was still a significant number of lysozyme-reactive clones that could be enriched by phage panning.
Both solid-phase and solution panning were used to enrich high-affinity lysozyme-specific binders from the light-chain-shuffled library. In solution panning, phage and antigen are bound in solution where binding is based on monovalent recognition despite the antibody valency, making solution panning a favorable selection method for affinity maturation (Schier et al., 1996) . Several lysozymespecific clones were obtained in solution panning, and also streptavidin-binding clones were enriched. Six out of the seven lysozyme-specific binders isolated were different. The affinities (K d ) were between 8 and 20 nM, except for one 122 nM binder. In off-rate selection excess of free unconjugated antigen was added after the binding step to favor the binders with slowest off-rate (Hawkins et al., 1992) . However, as streptavidin binders were not selected out by the added lysozyme they were further enriched and finally lysozyme-specific binders were lost.
As the phage display using the p9 amber stop vector pEB91 was considered to be truly monovalent we supposed that it might be possible to carry out affinity selections also using surface-bound antigen. In this solid-phase panning approach streptavidin binders did not enrich even in the Clones selected after V L shuffling
Each line represents a single clone. Clones with identical CDR-H3 are aligned.
Antibody library with rapid affinity maturation off-rate selections, apparently as the immobilized antigen blocked most of the streptavidin surface. Four separate solidphase selections were made either with or without an off-rate step on the 3rd and 4th panning rounds. After the 4th round of panning, 86-95% (from 38/44 to 42/44) of the isolated clones recognized lysozyme, most with high activity. Twenty clones were analyzed in more detail by sequencing and Scatchard analysis for affinity and eleven different sequences were found. The affinities (K d ) were in the range 0.8 -16 nM, except for one clone with 218 nM affinity. As the loweraffinity binder was as active in phage screening as all the highest-affinity binders, we decided also to screen clones for affinity directly in soluble format. However, no higheraffinity binders were found (K d 2-39 nM). Sequences and affinities of the obtained lysozyme binders are presented in Table III . Altogether 18 unique high-affinity binders in the K d range 0.8-20 nM were isolated after the affinity maturation, whereas only a single clone was found to have K d , 20 nM before the V L shuffling, indicating that the affinity maturation was successful and the number of highaffinity binders was increased. Twelve different V H sequences were found among the affinity-matured clones. V H s containing a sequence EGALYWQLGVLDY at CDR-H3 region had been enriched from the library over others. Despite extensive sequencing, only this V H was also found among the parental V H genes before affinity maturation. The new V L -V H combination of the V H -identified clone produced a 70-fold higher affinity (K d 4 nM) for lysozyme than the parental combination (K d 280 nM). The highest-affinity antibody (K d 0.8 nM) isolated after affinity maturation was found to have a V H , with a sequence AIGALDV at CDR-H3. Comparing this clone with the highest-affinity antibody found before affinity maturation (with CDR-H3 sequence ESSGWGGYYYFDY, K d 14 nM), the V L shuffling resulted in total in an 18-fold improvement in affinity.
Folding characteristics
To see how antibody folding was affected by the V L shuffling and phage display selections, expression of clones isolated at different steps was studied by immunoassay (Fig. 3) .
The antibodies isolated from the initial mbLib library and the V L -shuffled library were expressed in a rather similar manner than the antibodies isolated from the enriched libraries, but in slightly less amounts. The average relative expression level (A 405 ) was 0.8 for the initial mbLlib library, 1.0 after the enrichment for lysozyme, 0.7 after V L shuffling of the lysozyme specific library and 1.2 after enrichment of the V L -shuffled library for lysozyme. In addition, there were also some clones in the unselected libraries that were not expressed at all, most probably due to frameshift mutations (55% in the mbLib library). In the case of the V L -shuffled library, incomplete Kunkel mutagenesis and background removal might also have resulted in persistence of some stop codons, originating from the dummy V H in the amLib library. The results indicate that the addition of diversity by V L shuffling was well tolerated by the structure.
Discussion
In this study we describe the construction of a synthetic, phage-displayed, single-framework antibody library integrated with affinity maturation for isolation of high-affinity antibodies. Rapid affinity maturation was enabled through the single immunoglobulin framework by recombination of specific V H sequences with a diverse set of V L sequences. Affinity maturation of an entire enriched antibody pool allowed integration of affinity maturation to the selection procedure.
In the designed strategy the diversity was targeted mainly to the heavy-chain CDRs in the primary library and lightchain CDRs were diversified subsequently to allow affinity maturation. In nature the light chain diversity is significantly lower compared with the heavy chain (Nemazee et al., 2002) and the specificity determining residues are therefore more liable to be situated in the heavy chain. Targeting diversity first to the heavy chain thus maximized the specificity potential in the mbLib. Subsequent combination of only the specific heavy chains with a large number of light chains in V L shuffling maximized the diversity potential in the library and also allowed affinity maturation. Affinity maturation by V L shuffling is, on the basis, well compatible with the singleframework design as light-chain shuffling has often resulted in isolation of light chains homologous to the parental sequence (Marks et al., 1992; Osbourn et al., 1996; Schier et al., 1996; Lu et al., 2003) .
The designed strategy and constructed library proved to be functional as several binders were obtained for all the test antigens and the number of different high-affinity binders was increased by V L shuffling, as was shown with lysozyme. For some antigens the single-framework design and the low diversity of V L in the primary library might not be optimal and might result in isolation of only a few binders. Nevertheless, the single-framework design has the advantage that it helps to provide more equal folding and representation of the designed diversity than libraries with multiple differently expressed frameworks, so that all the designed diversity can be presented and each clone has potential to be selected. The p9 display, which has not been much used earlier, provided efficient selection and is especially useful for affinity maturation. In the first selection of the primary library, the low display efficiency, however, is not optimal and may limit Fig. 3 . The effect of V L shuffling and phage selection on scFv folding. Ten clones were isolated from the initial mbLib library, the mbLib library after three rounds of phage display selection against lysozyme, the library created for affinity maturation by V L shuffling the lysozyme-enriched library with the amLib library and the V L -shuffled library after four round of affinity selection against lysozyme. ScFv was expressed as a fusion to bacterial alkaline phosphatase and bound to a streptavidin microtiter plate by biotinylated protein L. Bound scFv was detected by measurement of alkaline phosphatase activity (A 405 ).
the presented diversity so that some binders are randomly omitted from the selection.
The method described here for V L shuffling is based on hybridization mutagenesis similar to Kunkel mutagenesis (Kunkel, 1985) and can be applied for a single clone or for a pool of binders using the same framework. By incorporating all the enriched V H domain genes into the affinity maturation library here in the pooled strategy, it was secured that no medium-level binder with an extraordinary evolvability could have escaped affinity maturation. Comparison of primary and secondary antibody populations produced in vivo has shown that not all primary sequences are found after affinity maturation and consequently, some clones may have higher potential to develop into high-affinity antibodies than others (Persson et al., 2008) . Naturally, in the pooled strategy V H domains with low or no binding affinity are also included, but this is not a serious problem as the size of the affinity maturation library with the ready-made library template DNA and amplified V H genes is easily scaled up. Therefore, the success is mainly dependent on the panning conditions. The pooled affinity maturation strategy also omits the need to screen and characterize individual clones from the primary library saving working time.
The major advantage of the single-framework design compared with mixed-framework libraries is that it enables affinity maturation in a single reaction by the described hybridization mutagenesis. In libraries using mixed frameworks the preselected V H genes can be incorporated into the V L library only through ligating to built-in sites in the target vector. The gel extraction procedure required for purification of the source DNA fragment typically has low yield and has to be separately repeated for each V H pool entering the affinity maturation. Incorporation of the V H gene by hybridization mutagenesis, instead, requires only amplification of the target by asymmetric PCR with a subsequent PCR purification step, which typically gives high yield. The end product of the hybridization mutagenesis is a covalently closed circular plasmid DNA, which can be effectively transformed in bacterial cells, which allows easy construction of large libraries. The drawback in the hybridization mutagenesis may be a relatively high number of unmutated clones, but simple enzymatic treatments can be made before the transformation to improve the mutant yield. Furthermore, if higher mutagenesis efficiencies are required, the unmutated background can be totally eliminated by the unique restriction site at the CDR-H3 region of the template.
The hybridization-based mutagenesis is not only limited to V L shuffling but the method is versatile and also allows introducing diversity into larger and smaller regions of an antibody. For example, affinity maturation could be targeted only to CDR-L1 and L2 regions or extended to cover also CDR-H1, which had a relatively low diversity in the mbLib library (only 30, Table I ). However, such changes set different requirements for the diversity in the pre-made libraries. There is also an option to create additional random mutations to the V H gene by error-prone PCR during amplification of the V H for use in the hybridization mutagenesis.
Another interesting feature of the hybridization mutagenesis, even though not used here, is that the method allows effortless conversion of the display format, for example, from multi-to monovalent display or changing the framework from scFv to Fab. The conversions require only the preparation of the target vector as dUssDNA and the presence of the homologous sequence for hybridization. ScFv is easier to display on phage and is therefore often preferred in primary phage-displayed libraries. However, changing the framework from scFv to Fab, for example, for affinity maturation would most likely be beneficial. Fab fragments have the benefit that they are usually more stable than scFv fragments and are not prone to multimerization like some scFv fragments (Schier et al., 1996; Arndt et al., 1998) and they are suited better for several applications as there is an abundant variety of high-affinity reagents readily available against the constant domains.
As a summary, the single-framework library with the integrated binder maturation by V L shuffling is a compact and easily adjustable platform for generation of high-affinity antibodies at least in the low nanomolar range. Eighteen unique high-affinity binders (K d : 0.8 -20 nM) were found for lysozyme, including nine different V H sequences with no sequence homology in the CDR-H3. This example and the fact that only one same V H gene (with 70-fold improved affinity with the matured V L ) was identified between the primary and affinity-matured library clone pools indicates that a considerable amount of V H diversity was incorporated into the affinity maturation library. The high level of retained diversity was a result of the combinatorial library design. Especially, the developed hybridization mutagenesis technique is a central tool to make larger libraries more easily, which translates at the end into diverse solutions for target binding.
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